This work reports on the development of microstructural and mechanical properties of mortar cubes under the synergetic action of stray current and various environmental/curing conditions. The study refers to specimens cured for 24h only, followed by a 112 days period of partial or full submersion in water or alkaline medium. Additionally, equally prepared mortar specimens were tested in sealed conditions. The outcomes for submerged and saturated conditions were compared to sealed conditions. Three current density regimes were employed i.e. 1 A/m 2 , 100 mA/m 2 , and 10 mA/m 2 , simulating different levels of stray (DC) current environment. The highest level of 1A/m 2 was also comparable to stray current densities, as measured in field conditions. The tests were designed in a way, so that the effects of diffusioncontrolled transport (ions leaching due to concentration gradients), were distinguished from migration-controlled ones (ion/water transport in stray current conditions). Mechanical, microstructural and electrical properties were monitored throughout the test. For water-conditioned specimens, the stray current was found to accelerate degradation processes. This was reflected by decreased compressive strength, reduced electrical resistivity and increased porosity of the matrix. The results were attributed to leaching-out of alkali ions due to concentration gradients, where except diffusion, migration took place i.e. the leaching-out effect was accelerated by water and ions migration in conditions of stray current flow. In contrast, stray current flowing through mortar in sealed conditions (as well as through mortar in alkaline medium) resulted in increased compressive strength and electrical resistivity. These were accompanied by densification of the bulk matrix and reduced porosity. It can be concluded that for a cement-based material at early hydration age, both positive and negative effects of stray current flow can be expected. The level and direction of these effects are dependent on the external environment and the current density levels, where stray currents above 100 mA/m 2 and in conditions of concentration gradients with the external medium, would lead to more pronounced negative effects on microstructural and micromechanical performance.
Introduction
During their service life, cement-based materials are exposed to various external environments that can have either beneficial or negative effect on the cement-based matrix. Generally, concrete degrades with age in aggressive environment (e.g. acidic, sodium chloridecontaining environments, stray current flow, etc.). For instance, main constituents (as Ca-bearing compounds) of the hydrated cement paste in concrete, when exposed to aqueous solutions, may leach out due to concentration gradient or chemical potential. Leaching occurs from regions with higher concentration to regions with lower concentration of the diffusing substance (a process occurring for example in underground storage tanks, dams, water tanks and radioactive waste disposal containers). Since calcium leaching coarsens the pore structure, the result is a porous bulk matrix (Jain et al. 2009; Puertas et al. 2010; Marinoni et al. 2008; Gaitero et al. 2008; Cheng et al. 2012) , increased permeability, reduced mechanical strength (Gawin et al. 2009; Kamali et al. 2003; Marchand et al. 2000; Carde et al. 1996) . Generally, the leaching process starts with a total dissolution of portlandite (calcium hydroxide, CH), ettringite, followed by a progressive decalcification of the calcium-silicate-hydrate (C-S-H) phase. Long term leaching follows a square root of the leaching duration (Ulm et al. 1999; Kühl et al. 2004) . Other degradation processes may occur when aggressive chemical species from the external environment as chlorides, carbon dioxide, sulphates penetrate into the cement-based material, e.g. concrete sulphate attack, corrosion of the steel reinforcement, etc.
When the above chemical and physico-chemical degradation mechanisms are enhanced due to faster ion and water transport, i.e. due to ion migration as for example in conditions of stray current flow, an increased level of structural degradation would be expected. Stray currents were reported to affect not only embedded in concrete steel reinforcement (Bertolini et al. 2007; Chen et al. 2012; Lingvay et al. 2011; Yang et al. 2008; Chen et al. 2011) , but can also induce degradation of the cementbased matrix (Susanto et al. 2013) . Any electrical field, including stray current, will influence cement hydration by altering ion and water transport. Consequently, stray currents will modify material properties and can affect the behaviour and integrity of a reinforced concrete structure. Negative effects have been reported, e.g. altered bulk matrix properties, reduced mechanical properties, increased permeability (Koleva et al. 2008; Susanto et al. 2013) . Positive effects of electrical current are also reported, but only at early cement hydration age, linked to strength development within "electrical" curing (Bredenkamp et al. 1993; CUR-Bouw&Infra 2009) .
Several works reported on quantifying the influence of stray current on cement-based materials via modelling approaches only (Wang et al. 2010; Xia et al. 2013; Peelen et al. 2011) . In contrast, our previous work combined both experimental and numerical approach, resulting in more insight into the related phenomena. Previously reported was the positive effect of stray current on partially submerged in water mortar specimens at early stages only (<14 days of cement hydration). The positive effect was due to accelerated cement hydration, accompanied by increasing compressive strength, denser pore structure and higher electrical resistivity for the "under current regime", compared to control specimens. However, a reversed trend was observed at later stages (>28 days), where the stray current induced negative effects, leading to coarsening of the mortar bulk matrix, reduced mechanical and electrical properties. The effect of stray current on cement-based microstructure was hypothesized to depend and vary with respect to the environmental conditions and the current density level.
Therefore, the extensive investigation subject to this work, including varying external medium, different curing regimes and higher current densities, was performed in order to elucidate the effect of stray current on cement-based materials. In particular, this work aims to clarify some of the previously posed research questions on different environmental conditions and leaching phenomena. The aim is to clearly distinguish the effects of ions leaching due to concentration gradient from those, resulting from enhanced ion and water migration, i.e. when stray current is involved. Hence, hereby presented and discussed is the effect of stray current flow on mortar specimens submerged in water, compared to stray current effects on mortar in sealed conditions and in conditions of partial or full submersion in alkaline medium (Ca(OH) 2 ) solution). Except the effect of concentration gradient, an important aspect is the level of stray current density.
In this work, three levels of stray current densities were applied, considering main points as follows: the lowest current density level of 10 mA/m 2 was employed as a simulation of current flow due to electrochemical protection techniques (e.g. impressed current cathodic protection). Although much lower levels of stray current densities e.g. in the range of 1 to 1.5 mA/m 2 were reported (Charalambous et al. 2014; Aylott et al. 2013) , considering previous studies (Susanto 2013) an increase with a factor of 10 was chosen for obtaining better distinguishable results. The highest level of employed current density of 1A/m 2 was chosen as comparable to levels also measured in real field situations, i.e. between 1 and 1.5 A/m 2 (Galsgaard and Nielsen 2006) . The step in-between i.e. 100 mA/m 2 adds to the series of tested steps by a factor of 10 and for completeness of the tests.
To this end, the aim of this work was to achieve a step forward towards defining the effect of stray current in view of positive or negative influence on cementitious materials' properties, considering various environmental conditions and practical aspects. The levels of stray currents in real practice are hard to measure, if, in fact, considered at all with respect to concrete material properties. While stray current effects on corrosion of steel reinforcement are largely reported, these effects on concrete bulk properties are normally not of concern. For instance, in practical cases the electrical current flow through reinforced concrete structures from train tracks is about 0.06 Ampere (or 3A/m 2 if normalised to a cross section area of 180 cm 2 as used in this study). This is three times higher compared to the maximum stray current level applied in this study (i.e. 1A/m 2 or 0.018 A). Estimation of the resultant corrosion damage over a certain period of time can be performed using Faraday's law, if the magnitude of stray current is known. For example, metal loss due to corrosion damage from stray current flow with level 0.05A and 1A are about 455 and 9100 g/year, respectively (Riskin 2008) . Such calculations cannot be easily made and are not reported for damage quantification with regard to cement-based materials. More importantly, the cumulative effect of stray current on a bulk concrete matrix is perhaps of larger significance, considering the fundamental principles and behaviour of a cement-based matrix with age and with respect to environmental conditions. This includes the effect of electrical currents (incl. stray current) on cement hydration, potential leaching-out effects, microstructural and micromechanical properties. This is also where the present work aims to contribute to the present state-of-the-art on the subject.
Experimental materials and methods

Materials
Mortar cubes of 40 mm × 40 mm × 40 mm were cast, using OPC CEM I 42.5N with water-to-cement ratio of 0.5 and cement-to-sand ratio of 1:3. The chemical composition (in weight (%)) of CEM I 42.5N (ENCI, NL) is as follows: 63.9% CaO; 20.6% SiO 2 ; 5.01% Al 2 O 3 ; 3.25% Fe 2 O 3 ; 2.68% SO 3 ; 0.65% K 2 O; 0.3% Na 2 O. After casting and prior to conditioning, the specimens were cured in a fog-room of 98% RH, 20°C for 24 hours. For partly submerged and fully submerged conditions: the specimens were treated in water or 0.02M Ca(OH) 2 solution (Seidell et al. 1953) . For sealed conditions: a specifically designed mould was used, where the specimens were sealed with a rubber gel sealant 24h after casting and remained insulated from each other in the mould (Fig. 1). Table 1 summarizes the experimental conditions and studied specimen-groups. Four groups of experiments were conducted in different conditions (submerged, partly submerged, sealed condition), varying environment (water, 0.02M Ca(OH) 2 ) and three levels of DC current density (10 mA/m 2 , 100 mA/m 2 , 1A/m 2 ). The current regimes were adjusted through external current sources, following previously reported set-up for partly submerged conditions (Susanto et al. 2013) , Fig. 1d ) and a specifically designed one for sealed conditions, Fig. 1a,c) . The electrical current flow was "injected" via surface area A, in m 2 , Fig. 1c,d ), calculated based on the geometrical orientation of the specimens and set-up -0.27 m x 0.04 m for submerged conditions (Fig. 1d) and 0.04 m x 0.04 m for sealed condition (Fig. 1c) . Figure 1(a, b, c) presents the experimental set up for sealed conditions, where the electrical current was applied per cube, via cast-in conductive plates (brass mesh), completely covering the cross-sections A of the cubes (Fig.   1c) . Fig. 1c ) also depicts the sampling strategy for MIP and ESEM analysis and the geometrical location for microstructural analysis: middle section for fully or partly submerged conditions and middle section and sides for sealed conditions. More details with regard to Fig. 1c) are discussed in the relevant results section for sealed conditions. To be noted is that for both MIP and ESEM microstructural analysis, the comparison of results refers to identically handled specimens and identical geometrical location within one test series.
Sample designation and current regimes
Multiplexer devices (PC connected) were used to automatically output the electrical resistance of the mortar specimens in real time (the current supply was interrupted in the time of the measurement, details in section 2.3.2 below). The electrical current was applied from 24h of hydration age onwards i.e. immediately after demoulding of the specimens for submerged conditions and after sealing the moulds for the sealed conditions. The tests duration was 112 days.
Methods 2.3.1 Standard compressive strength
Standard compressive strength tests were performed on 40×40×40 mm mortar cubes at the hydration ages of 3(7), 14, 28(84) and 112 days. Three replicate mortar specimens were taken out from the conditioning set-up, cloth-dried and tested within a 30 min time interval.
Mortar electrical resistivity
The development of electrical properties of the mortar cubes in both control and "under current" conditions Table 1 Test matrix: □ -compressive strength; ○ -MIP/ESEM tests; ∆ -el. resistivity (* Full details on this (marked) investigation are reported in (Susanto et al. 2013) .
Condition and environment Partly submerged
Fully submerged Current density
Groups
Hydration age
was measured by recording electrical resistivity as output from PC-controlled multiplexer devices. A "2-pin method" was used, where the "pins" were initially castin brass plates with dimensions equal to the sides of the mortar cubes (Fig. 1) . In order to minimise polarisation effects, the resistance was measured by applying an alternating DC current of 1mA at a frequency of 1 kHz. A PC-controlled R-meter was used, the output being the resistance value, calculated based on measured voltage at the time of current interruption. For the "under current" regime (groups 10 mA/m 2 , 100 mA/m 2 and 1A/m 2 ), the resistance measurement was performed after current supply interruption of approx. 30 min and surface drying of the cubes. The electrical resistivity was calculated using Ohm's Law: ρ=R.A/l, where ρ is the resistivity in Ohm.m, R is the resistance in Ohm, A is the cross-section of the mortar cube in m 2 , and l is the length in m.
Determination of pore structure parameters
Porosity and pore size distribution of all specimens in all tested conditions were evaluated by Mercury Intrusion Porosimetry (MIP) and through Environmental scanning electron microscopy (ESEM). The experimental procedures for both MIP and ESEM followed already reported sequence of sample preparation, where cement hydration was ceased by submersion in liquid nitrogen, followed by freeze-drying until reaching a constant weight (Ye 2003; Sumanasooriya et al. 2009; Struble et al. 1989; Kjellsen et al. 2003; Ye et al. 2002) . The samples for both MIP and ESEM analysis were taken from identical geometrical location in the cubes for each test series (Fig. 1c) . The MIP tests were carried out by using Micromeritics Poresizer 9320 (with a maximum pressure of 207 MPa). The drawbacks of MIP, e.g. "inkbottle effect", surface tension and contact angle within Hg intrusion/extrusion, etc. are well known and reported in numerous works (e.g. Diamond et al. 1995; Winslow et al. 1970; Willis et al. 1998) . However, MIP is largely employed to study the bulk matrix of cement-based materials, including mortar and concrete (Ye 2003; Laskar et al. 1997; Kumara et al. 2004) . Therefore, by "bulk matrix" in this study, the total volume of the mortar matrix refers to MIP, while the bulk cement paste only was evaluated by ESEM image analysis. More importantly, absolute values are not claimed, but rather a comparative analysis between equally handled specimens from identical geometrical location in the same test series is considered, in view of the effect of stray current and relevant environmental conditions. ESEM imaging and image analysis have been successfully used in studying the pore structure of cement-based materials (Lange et al. 1994; Diamond et al. 1995; Olson et al. 1997) . The image analysis in this work was performed on an average of 35 locations per sample of 20 × 20 mm size. The image analysis complies with previously reported methodology for pore structure and phase distribution analy- Fig. 1 Experimental set-up, electrical devices, multiplexer to automatically record resistance of the mortar specimens, and schematic presentation of the electrical current application through the cross section (A) of mortar specimens for sealed condition (a, b, c); schematic experimental set up for submerged (partially or full) conditions (d), as also previously reported (Susanto et al. 2013 ).
sis of cement based materials, implementing mathematical morphology and stereology approaches (Serra 1982; Hu et al. 2003) . Main details and considerations with regard to image analysis are as follows.
Image analysis
The image analysis complied with the generally used methodology for pore structure analysis of cement based materials (Ye 2003; Hu 2004) . The image analysis performed in this study is as reported in (Koleva 2007) , main considerations of which are as follows: Scanning electron microscopy (using ESEM Philips XL30) was employed for visualization and microstructure investigations. Section images of the specimens were obtained with backscattered electron (BSE) mode (a set of ESEM images were made at random locations throughout the full size of polished sections). The physical size of the reference region of each image is 226 μm in length and 154 μm in width, with the resolution of 0.317 μm/pixel (corresponding to a magnification of 500x). Small capillary pores play an important role in the transport properties of cement based specimens (Hu 2003) . Hence, it is necessary to strike a balance between a representative area element revealing sufficiently large pore section, and a satisfactory resolution for detection of these small capillary pores. Higher magnification could be expected to reveal more details in the pore structure, however, as reported in (Hu 2003) , resolutions of 0.293 μm/pixel (1000x) and 0.146 μm/pixel (2000x) gave similar values. The image analysis was performed using OPTIMAS software package. The combination of ESEM images and quantitative image analysis allows deriving structural information of the pore space, such as the porosity and critical pore size. On the basis of mathematical morphology transformations, a pore size distribution can be obtained by using a sequence of similarly shaped structuring elements of increasing size (Serra 1982) . In this study, the so called 'opening distribution' was used, where the binary image is opened by a series of squares of increasing size (Hu 2003; Koleva 2007) . The original BSE image (or a selected area, excluding any aggregate particles, if any) is segmented by applying a grey-level threshold to create a binary image, reflecting the pore phase. The threshold grey level between porosity and solid phases is selected based on the shape of the histogram of the BSE image. The anhydrous material and calcium hydroxide (CH) have fairly uniform grey levels, resulting in certain peaks in the histograms. Due to variation in composition, the grey levels of the other hydration products (calcium silica-hydrate (C-S-H)) form a shallower but still identifiable peak in the histograms. For properly choosing a threshold value of the grey level for segmentation of the pore space, it has been found that consistent results can be obtained by selecting an arbitrary point on the lower slope of the peak produced by the other hydration products (Scrivener 2004 ). The binary image is then subjected to quantitative image analysis for derivation of structural parameters (pore size distribution, critical pore size, etc.). As aforementioned, the "opening distribution" technique was used, whereby the binary image is opened by a series of squares of increasing size (Hu 2003) . The cumulative pore size distribution curve is obtained by plotting the pore area fraction after an opening operation versus linear dimension of the structuring element. This gives a type of "size" classification in the case of an interconnected structure, like pore space in mortar. The critical pore size can be conceived as the diameter of the pore that completes the first interconnected pore pathway in a network, developed by a procedure of sequentially adding pores of diminishing size to this network.
Chemical analysis
Chemical analysis of the conditioning water (external medium) was performed to determine changes in alkali ions concentration (Na + , K + and Ca ++ ) due to ions leaching-out from the mortar cubes. The tests were performed using Inductive Coupled Plasma Spectrometry (ICP-AES) after 1, 3, 14, 28, 44, 56 and until 112 days of conditioning of the mortar specimens. Additionally, chemical analysis for hydrated (chemically bound) water at certain hydration ages (1, 7, 14, 28, 84 and 112 days of conditioning) and for some of the tested specimens was determined according NEN 5931 (which is a standard loss of ignition test). According to NEN 5931 standard, the mass loss per gram of original cement was measured between 105 o C and 775 o C. The specimens were stored in the oven with temperature 105 o C to constant weight (at least 12 hours) and transferred to a desiccator to cool down to room temperature. Afterwards, the specimens were conditioned at 775 o C for at least 3 hours (but no more than 6 hours). After cooling of the specimens, the mass loss was determined. Based on the bound water content, the degree of hydration was calculated, using the following equation (Copeland et al. 1953) :
where
is non-evaporable water content per gram of original cement in the mixture and
The non-evaporable water content per gram of original cement in the mixture W n /c is calculated as follow (Copeland et al. 1953) :
where W 1 is the mass of paste prior to ignition (g), W 2 is the mass of paste after ignition (g), and L is the loss of ignition for the sample of the original dry cement powder (g/g of original cement).
depends on the clinker composition of the cements and the amount of reacted cement and can be calculated using the following equation (Copeland et al. 1960) :
where 1..4 w is non evaporable water content for individual constituents (g/g) and the designations in bracket (..) is the content of major constituents of the cement considered (g).
By using Eq. (3) and the data in Table 2 , the value of 0.238 can be obtained for the term
. This value is close to the previously reported results, e.g. 0.23 (Taylor 1990) or in a range between 0.23 and 0.25 (Sun et al. 2005 ).
Results and discussion
Compressive strength
The compressive strength development of cement-based materials is determined by several factors, including water-to-cement ratio, cement type, admixtures and curing conditions including humidity, temperature and age (Hu 2004; Mehta et al. 2001) . Generally, compressive strength increases with the progress of cement hydration and is directly related to microstructural development of the cement-based matrix with time (with maturity development). Figure 2 presents the recorded compressive strength as a function of hydration age for mortar specimens as follows: partly submerged in water and Ca(OH) 2 ( Fig. 2a) , as a comparison for control specimens and "under current" condition at the lowest current density level of 10 mA/m 2 ; fully submerged in water (Fig. 2b Hydration age (days) effects of ion and water diffusion and ion and water migration, separately or as a synergy. It was expected that leaching-out would occur in water environment, will be minimum in alkaline medium and will not be relevant for sealed conditions. Ion and water migration were a factor when current flow was involved. The resulting mechanical properties were expected to vary with respect to the external medium, the level of stray current density and the above transport mechanisms.
As shown in the Fig. 2 , the compressive strength for all mortar specimens tends to increase with time of conditioning and with on-going cement hydration. This was as expected, and as observed, for all conditions and irrespective of external medium or current density levels. At 28 days of age all specimen groups present compressive strength in the range of 60-65MPa, with the exception of water-submerged conditions, where approx. 45MPa was recorded. Despite this difference, the recorded compressive strength fulfils the expected from OPC CEM I 42.5N minimum mechanical properties at 28 days of age. The importance of the tests was also in view of recording performance with prolonged treatment, with relevance to environment and current density levels, which are discussed in what follows.
For partly submerged conditions in control and "under current" regimes at the lowest current density levels (10 mA/m 2 ) - Fig. 2a , there was no substantial effect of the treatment and/or the current flow on compressive strength development. For mortar specimens partly submerged in Ca(OH) 2 solution, similar compressive strength development was observed for both control and "10 mA/m 2 " groups. However, a general trend to lower compressive strength values towards the end of the test was recorded for the "under current' regime -group 10 mA/m 2 , partly submerged in water. For fully submerged conditions (Figs. 2b and 2c) , a more pronounced effect of both external medium and current flow was already observed, bearing in mind that in these conditions the current density level was also higher than that in partly submerged conditions i.e. 100 mA/m 2 and 1 A/m 2 . For water submerged specimens (Fig. 2b ) the effect of current flow was especially pronounced for the specimens subjected to the highest current density level of 1 A/m 2 , where 45 MPa was recorded after 112 days, while 60 MPa was recorded for the control group at the same age and equal environmental conditions (Fig. 2b) . A reduction of compressive strength between 28 days of age and the end of the test (112 days) was recorded for the 1A/m 2 group only. The specimens in group "100 mA/m 2 " maintained higher values at the end of the test (approx. 50MPa), but in a lower range, if compared to control conditions (60MPa). In contrast, the fully submerged in Ca(OH) 2 specimens, Fig. 2c , exhibit an increasing trend only of compressive strength development over time, irrespective of the current regime. As seen from Fig. 2c , a slight increase even of compressive strength was recorded for mortar in the "under current" regimes. This effect was again more pronounced for the "1 A/m 2 " group if compared to the lower current density level of 100 mA/m 2 and control specimens.
For sealed conditions - Fig. 2d ), an increase only of compressive strength was relevant for all tested specimens. A more significant effect was again relevant to the highest current density regime (1 A/m 2 ), in which the mortar specimens exhibited the highest compressive strength at the end of the test (~ 65MPa), (Fig. 2d) .
What can be concluded from the results in this section is as follows: the development of compressive strength is related to cement hydration with time (with age). This follows the increase in maturity of the cement-based bulk matrix. Consequently, in control (rest) conditions, when other factors were not relevant, the compressive strength would present an increasing trend, followed by stabilisation. The evolution of mechanical properties, following microstructural development, however, is directly linked to the chemical reactions within the cement hydration process. Cement hydration on the other hand is a process, involving (among other factors) ion and water transport due to diffusion and/or migration (capillary suction and permeation were not of significance in the conditions of this work, and are therefore not discussed). In conditions of current flow, diffusion and migration are taking place in parallel. Therefore, enhanced ion and water transport, as in "under current" conditions, would result in altered (mostly enhanced at early stage) cement hydration. Enhanced ion and water transport will also lead to elevated alkali ions leaching-out in conditions, where concentration gradients between the mortar matrix and the external medium are present. Consequently, competing or parallel mechanisms would be relevant for the "under current" regimes: on one hand, enhanced cement hydration, microstructure densification and mechanical strength development at early stage will be relevant for all tested specimens. These will dominate throughout the test, i.e. including also the later stages of the test for sealed and Ca(OH) 2 -conditioned specimens.
Enhanced alkali ions leaching and potentially reversed effects on microstructural development, and mechanical performance respectively, at later stages will be relevant for water-conditioned specimens. These mechanisms will be affected by the absence or presence of current flow and were expected to be more pronounced for higher current density levels (i.e. enhanced ions and water migration), as actually observed and recorded. In other words, the effect of stray current on mechanical properties is negative, when a concentration gradient between the cement-based material and external environment is present. In contrast, the effect of stray current would be positive at earlier ages of the cement-based system when concentration gradients are minimum or none i.e. when leaching is avoided.
Chemical analysis of the external medium (for watertreated specimens), together with overall microstructural characterisation of the bulk mortar matrix for all tested conditions, elucidate and support the observed mechanical performance in control and "under current" conditions. The results and discussion on these aspects are presented in the following sections.
Chemical analysis of the external medium
When a cement-based material is in a prolonged contact with water, dissolution of cement hydrates will occur (due to alkali ions (Ca 2+, Na + , K + ) leaching). The transport of sodium and potassium is faster than that for calcium ions (Saito et al. 1992) , and more pronounced at early stages (less mature cement matrix, hence more open pore structure), whereas stable and/or negligible with longer treatment. Leaching of calcium ions promotes coarsening of the pore structure, leads to increased transport properties (permeability, diffusivity) and decrease in mechanical properties (Roessler et al. 1985 , Young et al. 1988 . Several studies report on calcium ions leaching from cement-based materials immersed in water (Alonso et al. 2006; Faucon et al. 1996; Faucon et al. 1998; Haga et al. 2005; Maltais et al. 2004) . Calcium leaching was also tested and reported when accelerated methods were applied, involving electrical or chemical gradients (Ryu et al. 2002; Saito et al. 1992; Wittmann 1997) . The results showed that the application of a potential gradient to mortar specimens can be successfully used to assess deterioration mechanisms due to calcium ions leaching.
In this work, the dissolution process, in terms of alkali ions leaching, was only relevant to the partly submerged and fully submerged in water mortar specimens, with applied current density of 10 mA/m 2 , 100 mA/m 2 and 1 A/m 2 , respectively. Obviously, leaching was not expected for sealed conditions and in Ca(OH) 2 environment. In the former case, there was no aqueous external environment. In the latter case, calcium leaching was expected to be minimum or none, since there was no concentration gradient or chemical potential between the mortar specimens and the external Ca(OH) 2 solution. Therefore, chemical analysis of the external aqueous medium was performed only for the groups of watertreated specimens.
The concentration of leached-out calcium, sodium and potassium (in mg/l) in the external medium was recorded after 1, 3, 14, 28, 44, 56 and 112 days (Fig. 3) . The concentration of relevant ions in the external solution was analysed at each of the above stages, after which the medium was exchanged with a fresh one until a subsequent exchange at the next stage. As expected, the leaching process was faster at early ages (early hydration age, higher porosity) and gradually stabilised at later ages, along with increasing the maturity level of the mortar specimens.
As previously reported (Susanto 2013) , current density of 10mA/m 2 in partly submerged in water conditions accelerated the calcium leaching process approx. 1.27 times, if compared to control conditions. Fig. 3a) presents the result for fully submerged in water specimens, subjected to the higher current density level regimes i.e. 100 mA/m 2 and 1A/m 2 in comparison to control specimens in these series. The calcium ions concentration in the external medium after 56 days was 567.3 mg/l, 1099.18 mg/l and 1254 mg/l for control cases, 100 mA/m 2 , and 1 A/m 2 , respectively. Calcium leaching increased with 1.93 times for the lower current density regime and 2.04 times for the 1 A/m 2 regime, if compared to the control specimens. There was no further substantial change in the calcium ions concentration between 56 and 112 days.
As above mentioned, absolute values are not claimed, but only trends of material behaviour are discussed, in relation to the effects of stray current for all test series. It can be concluded that irrespective of the current density level (100 mA/m 2 or 1A/m 2 ), calcium leaching was enhanced for the "under current" regimes, if compared to the control cases (Fig. 3a) . Leaching of sodium (Na + ) and potassium (K + ) ions was also recorded (Figs. 3b)c) . Na + and K + ions have higher solubility and mobility in the pore solution than that of Ca 2+ ions. As a consequence, Na + and K + ions will dominate the diffusion and/or migration process more significantly in the beginning of the tests, and will not vary substantially on later stages, as also reported by Babaahmadi et al. (Babaahmadi et al. 2015) . As can be observed in Figs. Fig. 3 Cumulative concentration of calcium (a), sodium (b) and potassium (c) in the external medium due to leaching-out of mortar specimens, fully submerged in water (comparison of control (no current) and "under current" regimes). 3b)c), leaching out of sodium and potassium was relevant and gradually increased over time for all specimens and conditions. The concentration of leached out Na + and K + ions for the "under current" specimens was not significantly different from that for the control specimens on later ages. This is in accordance with the abovementioned mechanisms and outcomes from other studies and related to the increasing portion of disconnected pore network with age of the mortar matrix, which is independent from the dissolution of calcium bearing phases and re-distribution of the pore network e.g. enlargement of initially smaller pores. Overall, for the "under current" conditions the current flowing through both immersed mortar matrix will logically accelerate ion and water transport and consequently promote the leaching process. This effect has to be judged also from the view point of microstructure development with time of conditioning. The consequence of calcium ions leaching in particular is an increase of porosity and a global decrease in mechanical performance (compressive strength) of cement-based materials (Carde et al. 1996; Nehdi et al. 2011; Saito et al. 1992; Saito et al. 1999) . Therefore, the leaching process will be determined not only by the ion and water migration within the connected pore network, but would be largely dependent on microstructural alteration over time. Hence, the leaching-out effects, or limitations thereof, could be counterbalanced as well, resulting in similar amounts of leached out alkali ions for otherwise different conditions. For the hereby tested series of specimens, and as can be observed in Fig. 3 , higher current density promoted higher leaching-out effects. Figure 4 to Fig. 7 depict MIP-derived porosity and pore size distribution for the bulk matrix of all tested specimens. The plots present an overlay of results for 28 days of age and the latest tested age of 112 days (3 days and 84 days of age for some groups are also presented). The discussion is in view of trends for pore network development in time and in varying experimental conditions, rather than comparing absolute values. Figure 4 Fig. 5 presents the MIP results for control specimens and those subjected to 10 mA/m 2 current flow in partly submerged conditions. The MIP results show that for water-conditioned control specimens, a reduction in porosity was observed between 28 days and 84 days but increase towards 112 days of age, Fig. 5a)b) . Similarly, first reduction and later-on increase in porosity holds for the "under current", water-conditioned specimens (Fig. 5a) , however, in these conditions a more pronounced re-distribution of pore size was observed in the course of the experiment between 28 and 112 days of age (Fig. 5b) . Both porosity and pore size maintained higher values for the "under current" (10 mA/m 2 ) regime, compared to control conditions i.e. 9.6% higher at 28 days of age, 10.3 % at 84 days of age and 6.9% at 112 days of age. In contrast, for Ca(OH) 2 -conditioned mortar, stray current at the same level of 10 mA/m 2 induced densification at 28 days of age and no substantial changes at 112 days, Fig. 5c)d) . The control specimens in this series also presented reduction in porosity and pore size between 28 days and 112 days.
Microstructural analysis -MIP results
Concentration gradients were not relevant for the Ca(OH) 2 -conditioned specimens, hence densification only (reduced porosity) was observed due to ongoing cement hydration. For "under current", waterconditioned specimens, diffusion controlled transport was in parallel (or counter-acting) with migrationcontrolled transport (along with cement hydration). Therefore, a more pronounced coarsening of the matrix and changes in pore size distribution was observed. In other words, migration enhanced the leaching-out process, resulting in pore size re-distribution i.e. enlarging pores of initially smaller size. For the Ca(OH) 2 -conditioned specimens, migration did not have a significant effect, although a slight re-distribution of the pore network (in the range of pore size larger than 0.317 µm) was observed in the MIP results (marked regions in Fig.  5c,d ) and confirmed by ESEM image analysis (discussed further below in Section 3.4). (H 2 O and alkaline (Ca(OH) 2 ) external medium) and Sealed conditions: Figures 6 and 7 present the MIP results for specimens in fully submerged and sealed conditions, respectively. For water-conditioned specimens, the mechanisms controlling pore structure development were: a) cement hydration and b) diffusion-controlled water and ion transport under concentration gradient -for control cases, together with c) migration-controlled ion and water transport -for "under current" cases. For Ca(OH) 2 -conditioned and sealed specimens, two mechanisms were predominant: a) cement hydration and c) migration-controlled transport. The effect of cement hydration for all groups would be seen in densification of the bulk matrix with time in both control and "under current" regimes. The changes under a synergetic effect of stray current and varying external medium are discussed in what follows.
Fully submerged conditions
The effect of stray current and varying medium
Control specimens in all conditions: Figs. 6a, b) show the water conditioned group, where the effect of hydration alone was minimal, with almost no change in porosity between 28 and 112 days . Figs. 6c,d) and Fig.  7a,b) depict the Ca(OH) 2 condition and sealed specimens, respectively, where the effect of cement hydration alone is well pronounced, with well visible reduction in porosity from earlier ages to 112 days. For the water conditioned control specimens, the effect of cement hydration would be counterbalanced by leaching-out and subsequent re-distribution of initially smaller pores towards larger size, evident from Fig. 6b (marked regions) . For the control specimens in Ca(OH) 2 and sealed, concentration gradient is not present and leaching-out not relevant.
"Under current" conditions:
For specimens in water, the concentration gradient (diffusion-controlled transport) adds-up to the migration-controlled transport. As can be seen in Fig. 6a) , the higher the current density level, the higher the level of observed structural modification. For 28 days of age, higher porosity was recorded for specimens in the 100mA and 1A groups, compared to controls. Porosity increased for the "under current" regime at 28 days of age with ca. 31.8% and 26.78% for current density levels 1A/m 2 and at 100mA/m 2 , respec- tively, compared to control specimens. At 112 days of age the increase was with ca. 15.34% and 4.76% for the "under current" specimens. This was accompanied by an obvious re-distribution of pore size for these specimens from (potentially) smaller pore size to pore enlargement, evidenced by the significant distortion of the differential curves between 0.5µm and 1µm at both 28 days and 112 days of age (Fig. 6b, marked region) . The effect is similar to the partly submerged in water conditions (Fig. 5a)b) , but more significant due to the higher current density levels (along with larger relative humidity, as in saturated condition). At the age of 112 days, the trend of increased porosity and pore size redistribution for water treated specimens remained. At both 28 and 112 days, the most significant microstructural changes were observed for the highest current density level of 1A/m 2 . For Ca(OH) 2 -treated specimens, the effect of stray current was positive at 28 days of age, if judged from the reduction in porosity for the "under current" specimens - Fig. 6c)d) . For these specimens, leaching-out was not relevant (no concentration gradient present). Therefore, enhanced ion and water migration in "under current" conditions resulted in enhanced cement hydra- (Fig. 10) , followed by reduction in total porosity at earlier stages (28 days) and no significant difference in porosity at the later stage of 112 days. Critical pore size remained similar and not affected by the current flow at 28 days of age, while re-structuring of the pore network in terms of pore size distribution was observed for 112 days (Fig. 6d) . This change is attributed to the effect of current flow and, similarly to the water-conditioned specimens, was more pronounced for the higher level of current density of 1A/m 2 .
Sealed conditions (Fig. 7) , the MIP analysis was performed at a very early hydration age -3 days, and at 28 days. As can be observed (and as expected due to the fresh matrix), porosity and pore size reduced from 3 days to 28 days for all sealed specimens. At the stage of 3 days, no significant change was observed between control and "under current" conditions ( Fig. 7a) , slightly reduced porosity was recorded in the presence of current flow. After 28 days, a more pronounced effect of the current flow was already observed (Fig. 7a,b) , with reduced porosity and pore size, more significant for the specimens at the higher current density level of 1A/m 2 . If a comparison is made between Ca(OH) 2 -treated specimens and sealed specimens for the stage of 28 days of age, the following can be noted: the difference between control and "under current" regimes ( Fig. 7a and  Fig. 6c ) was comparable for both conditions. Although limited migration-controlled ion and water transport for the sealed specimens would be relevant (transport processes limited to the pore water only), the absence of concentration gradient in both test series determined similar microstructural development. For both series, the effect of current flow appeared to be only positive for the time frame of the test, with reduced porosity and re-distribution towards smaller pore size over time (Figs.  6c,d; 7a,b) . Similarly to all other tested conditions, the effect of the larger current density level of 1A/m 2 was more pronounced, compared to the lower level of 100 mA/m 2 . Figures. 8, 9 , 11, 12 present the bulk matrix for partly submerged (water and Ca(OH) 2 ) specimens and the relevant pore structure analysis after 28 days and 84 (112) days of conditioning. Figure 8 depicts the bulk cement paste of water conditioned specimens at 28 days and 84 days of age, Fig. 9 presents the pore structure analysis from 7 days of age, through 28, 56, 84 and 112 days of age. As can be clearly observed in Fig. 9 coarsening of the matrix between 28 days and 112 days of age was relevant for the specimens in water. The effect is more pronounced for the "under current" regimes. An initially positive effect of the stray current was observed, Fig. 9a ), reflected by matrix densification in "under current" conditions (compare 7 days result in Fig. 9a ) for specimens R (control) and S (10mA/m 2 ). At this early stage the critical pore size remained similar, which was as expected for a fresh mortar matrix (24h cured only).
Microstructural properties as derived by ESEM image analysis 3.4.1 Partly submerged conditions, H 2 O and alkaline (Ca(OH) 2 ) external medium:
At 28 and 56 days of age similar values were recorded for both S and R specimens, slightly higher for the former case (Fig. 9a, b) . Critical pore size remained the same for control conditions, R and decreased for "under current" conditions, S. After 84 days and at the end of the test, coarsening was observed with an already larger difference in pore structure parameters, with increase of porosity and pore size in both R and S conditions, (Fig. 9b) . The pore structure alterations would be mainly attributed to leaching-out related coarsening in the sense of enlargement of initially smaller pores. Although a straightforward correlation between MIP and ESEM image analysis cannot be made for several reasons, e.g. the nature of parameters derivation and/or the fact that MIP tests refer to the full volume of material tested, while image analysis refers only to the bulk cement paste, the results from image analysis are in line with those from MIP as far as the effect of stray current is considered and especially with prolonged treatment. Additionally, image analysis is only relevant to pore space larger than 0.317 μm (marked region e.g. in Fig.  5a ). To that end, the MIP and image analysis results for the control specimens between 28 days and 84 days of age are contradictory at a first glance, while in line between 84 days and 112 days. The MIP results (Fig. 5a ) depict a reduction in overall porosity between 28 and 84 days and increase between 84 and 112 days, while image analysis presents reduction in porosity between 7 and 56 days of age, but increase between 56 and 112 days of age (Fig. 9) . The changes in porosity derived by image analysis are accompanied with a larger critical pore size at 28 days (1.92 μm, Fig. 9a ), reducing to 0.95 μm at 56 days and increase to 1.3 μm and 1.9 μm at 84 days and 112 days , Fig, 9b ). These alterations were not fully detected by MIP, although the differential curves show a large variation for pore sizes, larger than 0.05 μm (marked region in Fig. 5b ) at later stages. This outcome is as expected due the fact that mortar was tested (rather than cement paste), resulting in a significant contribution of the matrix heterogeneity within the MIP tests, while the ESEM image analysis is based on direct observations of the bulk cement paste matrix. Summarising, for partly submerged in water specimens, the alliance of counteracting enhanced ion and water transport (potentially enhanced cement hydration) and (enhanced) leaching-out in conditions of straycurrent, resulted in a more pronounced matrix degradation at the end of the test, if compared to control conditions. In fact, the initially enhanced cement hydration due to current flow, was evidenced by the amount of hydrated (chemically bound) water, derived by chemical analysis - Fig. 10a ) for water-conditioned specimens. While the initial stages showed elevated hydrated water content in "under current" specimens, compared to control ones, this trend was reversed after 14 days of age, Fig. 10a) . The difference is not significant, but clearly supports the fact that with on-going cement hydration, the hydration rate increased over time for all cases, however, was counteracted by leaching-out (Fig.  3) due to diffusion and/or migration-controlled ion and water transport. The effect of current flow was initially positive (Fig. 10a) , but later on (>14 days), negative.
In contrast to the partly-submerged in water specimens (Figs. 8, 9) , the test series of partly-submerged in Ca(OH) 2 mortar cubes (Figs. 11, 12 ) present a different trend of pore structure development. It is well visible that the microstructural variation between control and under current conditions at both 28 days and 112 days of age was not as significant (Fig. 12) , as otherwise clearly observed for the partly-submerged in water specimens (Fig. 9) . At 28 days of age (Fig. 12a) , porosity and critical pore size remained in the same range for all regimes, both significantly lower if compared to the partially-submerged in water specimens (Fig. 9a) . Total porosity decreased from 28 days to 112 days (Fig. 12a,  b) , but maintained higher for the "under current" regime. As can be observed from the differential curves in Fig.  12b) , although critical pore size remained similar, a slight re-distribution in pore size seemed to be relevant for both control and under current specimens between 28 days and 112 days, which was not as expected. This is in line with the MIP results for this series (Fig. 5c, d) , showing re-structuring in the family of capillary pores (> 0.1 μm). The result can be interpreted as follows: in partly submerged Ca(OH) 2 conditions, on-going cement hydration would be enhanced when stray current was involved. Therefore, densification of the bulk matrix at earlier stages (28 days) was expected for the "under current" conditions and was as observed (Fig. 12a) , although not significant. No concentration gradient was relevant between the submerged portion of the mortar cubes and the external medium. However, concentration gradient was possible between the bottom (submerged) part of the cube and the top (on air) part. Therefore, a slight coarsening of the pore structure in "under current" conditions, compared to control conditions, is possible and was as observed, (Figs. 5d, 12b) . This is attributed to uneven relative humidity in the total volume of the specimens.
The above results and discussion for partlysubmerged in Ca(OH) 2 specimens were supported by the recorded hydrated water content and the derived degree of hydration, respectively, as depicted in Fig.10a)b) . Similarly to the partly-submerged in water conditions, slightly enhanced hydration rate was relevant for the "under current" regime in Ca(OH) 2 medium at earlier ages, with no further significant effects at later stages. Fig. 10 also clearly shows the effect of external medium on hydration rate and cement hydration in general. The difference in values between water-treated and Ca(OH) 2 treated specimens (Fig. 10a,b) is well evident and corresponding to the already discussed microstructural differences and pore network parameters for the two groups.
Fully submerged conditions, H 2 O and alkaline (Ca(OH) 2 ) external medium:
Figures 13 to 16 present micrographs and pore structure analysis for fully submerged conditions. In these tests, the employed current density levels were higher, i.e. 100mA/m 2 and 1A/m 2 . The conditions in these series of experiments can be viewed as mortar in saturated conditions in water and Ca(OH) 2 , where in the former case concentration gradient was present, while not relevant for the latter case.
For fully-submerged in water conditions, increased porosity and pore size from 28 days to 112 days were recorded for both 100 mA/m 2 and 1A/m 2 regimes. A more distinct effect of the higher current density, 1A/m 2 , was recorded at both 28 days (Fig. 14a) and 112 days (Fig. 14b) . For the control specimens, the parallel processes of on-going cement hydration and leaching-out resulted in slightly reduced critical pore size and/or redistribution of the pore network i.e. initially smaller pores became coarser after 28 days due to leaching-out, but similar porosity values were recorded between 28 and 112 days of age, together with reduced critical pore size at 112 days (Fig. 14a, b) . The control specimens remained with the lowest porosity throughout the test.
For the specimens, conditioned at the lower current density level regime -100 mA/m 2 , porosity and critical pore size increased, compared to control conditions at 28 days of age (Fig. 14a) and maintained at similar levels for 112 days (Fig. 14b) . At both 28 days and 112 days of age, the specimens under 1 A/m 2 current flow presented the highest level of microstructural changes, with increased porosity and critical pore size at the end of the test (Fig. 14a, b) . The results from image analysis are well in line with the MIP results (Fig. 6a, b) where an obvious re-distribution of the pore space was relevant, especially for the "under current" conditions (marked region in Fig. 6b ). The microstructural investigation (both image analysis and ESEM) are also well in line with the derived compressive strength values (Fig. 2b) , where a clear trend towards reduction of mechanical properties was recorded with age for the "under current" specimens i.e. at the end of the test, ca. 60 MPa were recorded for control cases, 50 MPa for the 100 mA/m 2 and 46 MPa for the 1 A/m 2 regime. For the fully submerged in Ca (OH) 2 conditions, Figs.  15 and 16 , an entirely opposite trend to the waterconditioned specimens was recorded at 28 days of age (compare Fig. 15a and 16a) . The highest porosity and critical pore size were recorded for control specimens, followed by the 100 mA/m 2 and 1 A/m 2 regimes (Fig.  16a) . The trend towards matrix densification maintained at 112 days as well, with no significant difference between the groups of specimens at that age (Fig. 16b) . This is also visualised by the similar appearance of the bulk matrix in all three conditions at 112 days (Fig. 15d,  e, f) . Mortar specimens, saturated in alkaline medium, would not suffer leaching-out. Hence, the effect of current flow would result in enhanced cement hydration only, consequently in reduced porosity and critical pore size. While this was as observed (Fig. 16a, b) , image analysis derived similar values for critical pore size at both 28 and 112 days of age for the "under current" regimes, especially the 1 A/m 2 regime. Observation of the bulk matrix for 1 A/m 2 conditions at 28 and 112 days also reveals almost no visual morphological changes or appearance (Fig. 15c, f) .
The MIP results confirm re-structuring of the pore space and family of larger pores (> 0.1 μm, Fig. 6d ), appearing at 112 days of age for "under current" conditions. These changes were, however, not significant and not responsible for a reduction in mechanical properties, as otherwise observed for the water conditioned test series (Fig. 2c) . They are an indication, though, for the effect of the higher level of stray current on bulk matrix properties, even in saturated conditions, where leachingout is avoided. Consequently, these results need to be taken into account in conditions where higher current densities are involved in practice e.g. above 1 to 5 A/m 2 as within concrete desalination or re-alkalisation, stray currents, etc. With higher current density, enhanced migration-controlled transport could result in a pore-water dis-balance or internal concentration gradients, leading to undesired changes of the pore structure (e.g. internal leaching, effects similar to self-desiccation, etc.).
The results obtained for Ca(OH) 2 conditioned specimens are in a good agreement with reported experiments (Rafieipour et al. 2012) , where lower porosity was obtained in lime saturated curing conditions. Additionally, other reports suggest that for specimens submerged in Ca(OH) 2 higher compressive strength is to be expected and recorded, compared to specimens cured in water (Bediako et al. 2015 , Hayri et al. 2011 . These dependencies were also observed in this work (Figs.5, 6,  14, 16 ).
Sealed conditions
Figures 17 to 20 present the microstructural analysis for sealed conditions. These are in fact the most representative ones, as far as the effect of external environment and conditioning are to be split from the effects of stray current only. The employed current densities were at the levels of 100 mA/m 2 and 1 A/m 2 . The outcomes were compared to equally handled (equally sealed) control cases. The results for sealed conditions refer to two aspects of possible microstructural development and/or changes: a) pore network development in the bulk matrix onlyreferring to the internal, bulk volume of the cubes, as performed for all above discussed test series; b) pore network development of the matrix in the immediate vicinity of the cast-in metal sheet electrodes, through which the electrical current was applied for sealed conditions (Fig.1c depicts the locations for sampling of these cubes). 
Bulk matrix in sealed conditions:
Figures 17 and 18 depict results for sealed conditions for the bulk matrix (middle section in Fig. 1c) . Visual observation revealed similar morphology at both 28 days and 112 days in all conditions (Fig. 17) . A slightly coarser structure for the control specimens at 28 days (Fig. 17a, Fig.18 ) was observed. At each time interval (7, 28 and 112 days), the difference in porosity and pore size between the three investigated cases per hydration age (Fig. 18) was not as significant as was observed for all other, already discussed, test series. In sealed conditions, porosity and critical pore size gradually reduced over time, with both parameters maintaining highest values for the control specimens and lowest values for the 1A/m 2 -conditioned ones. The results from image analysis also correspond to the outcome from MIP analysis (Fig. 7) and are well in line with the previously discussed compressive strength results, (Fig. 2d) . Consequently, the effect of stray current in sealed conditions can be only considered as a positive one, at least for the duration of this test.
Pore network development at interfaces:
Figures 19 and 20 present the results from microstructural analysis in three locations of the sealed mortar cubes for "under current" conditions (see Fig. 1c) i.e. the section close to the positive terminal (anodic), the middle section (bulk) and the section close to the negative terminal (cathodic). The middle section (or bulk matrix) would be comparable as features and pore network parameters to the already discussed "bulk matrix" only, depicted in Figs. 17 and 18 .
The results and discussion in this section are important in view of practical considerations. In fact, when a reinforced concrete system is to be evaluated for potential effects of stray currents, the bulk (internal) matrix of the structure is expected to be different in properties from the steel/concrete interfaces. Therefore, microstructural alterations at both areas would determine the overall performance of a structure. A note here is necessary for the sampling of these cubes: the mortar specimens in this sealed series, can be viewed as a solid electrolyte electrochemical cell. Consequently, a designation of the sides of the cell to anodic and cathodic regions is discussed. When DC current is applied via an external power source, and is flowing through an electrochemical cell, the reactions on the negative terminal will be reduction reactions (this terminal is cathode), while reactions on the positive terminal will be oxidation reactions (this terminal is anode).
Similarly, stray current flowing through a reinforced concrete system results in the development of cathodic (where current flows in) and anodic (where current flows out) locations on the steel reinforcement, potentially affecting differently the cement-based material in the vicinity of these locations. Electrochemical aspects are not subject to this work and will only be discussed to the extent of oxidation/reduction reactions, involving species from the internal pore water, consequently their effect on microstructural changes.
As visualised in Fig. 19 , the matrix around the anodic portion of the cubes, Fig. 19a)) , is more similar in appearance and morphology to the bulk matrix, Fig. 19b, e  and Fig. 17e, f . In contrast, the matrix at the cathodic portions of the cubes (Fig. 19c, f) appears to be coarser. The pore structure parameters, derived for all locations are summarised in Fig. 20 , depicting the results for the bulk matrix of the control case (no-current applied) in sealed conditions at 112 days of age (analogical to the already reported specimen R112d in Fig. 18a, b) . As can be noted, the highest porosity (Fig. 20a) and critical pore size (Fig. 20b) were recorded for the cathodic regions of the specimens in the 1A/m 2 regime. Porosity and critical pore size in this region were also higher than the bulk (middle) section regions for the "under current" specimens. In contrast, the derived porosity and pore size for the same (cathodic) location in the 100 mA/m 2 regime, appear to be even slightly lower than those for the middle sections. The lowest porosity and pore size were recorded for the anodic portions of the cubes, with lower values again for the 100 mA/m 2 regime (Fig. 20a, 1A_anode & 100 mA anode; Fig. 19a,c) . Obviously, matrix degradation was relevant for the cathodic sides of the cubes i.e. enhanced negative effect on microstructural properties was observed in conditions of 1 A/m 2 current flow. A positive effect was observed at the anodic locations, where densification was relevant for both current regimes. Judging from the very different pore network development between anodic, cathodic and middle sections of the cubes, the 1 A/m 2 regime induced an increase of matrix heterogeneity, reflected by the significant difference in pore network parameters per section of the cubes (Fig. 20a) . The 100 mA/m 2 regime induced a positive effect, with an obviously more homogeneous distribution of the pore network in the whole cube volume. In such conditions, and especially at current density levels of more than 100 mA/m 2 , acidification at the anode/cement paste interface would lead to structural deterioration of this interface (Castellote et al. 1999) . However, for the test series in this work, such conditions in view of external environment, were not present. Consequently, for the matrix in the vicinity of the anode, the anodic reaction of oxygen evolution, together with enhanced concentration of OH -ions (as produced via the cathodic reaction and migrating to the anode), would increase the level of H 2 O/OH -in the vicinity of the anode. The result would be elevated level of pore water, available for the on-going cement hydration and possible densification of the matrix in these locations. This hypothesis for microstructural development in the vicinity of the anode is in fact confirmed by visual observation as well as by pore structure analysis -Figs. 19 and 20. Along with the lowest porosity levels (Fig. 20a) , the lowest critical pore sizes (Fig. 20b) were derived for the matrix in the vicinity of the anode.
3.4.3.4 Microstructure in the vicinity of the "cathode" The reactions at the negative pole (cathode) involve reduction. Similarly, from all possible cathodic processes, those involving water and oxygen reduction were of interest. The main cathodic process for this test series is oxygen reduction:
-. At high current densities, as actually applied in this work, i.e. 100 mA/m 2 and 1A/m 2 , the region of hydrogen evolution can be reached, therefore the following reaction would be also possible:
-. Both reactions result in an increase of alkalinity (increase of hydroxyl ions) in the vicinity of the cathode. However, only a portion of the hydroxyl ions remains at the cathode and produces a negative ionic charge, while the remaining OH -migrates to the anode. The excess of negative ionic charge at the cathode is normally counterbalanced by positively charged ions -mainly Na + . In other words, at the cathode, the migration of hydroxyl and sodium ions is counterbalanced i.e. accumulation of Na + (but also K + ) would be relevant for the cathode, while OH -migrates to the anode. The consequence of the above reactions will be enhanced alkalinity in the matrix, in addition to the availability of hydrogen gas. The enhanced counterbalance of OH -with Na + , along with H 2 evolution, would account for degradation at the cement paste/cathode interface by simply altering the amount of available OH -for cement hydration, on one hand. On the other hand, hydrogen gas will occupy empty space at the interface or cause internal pressure in the pore network, leading to coarsening of the matrix (these would potentially be accompanied by elevated heat release as well). The result will be a coarser structure at this interface. Additionally, and as reported elsewhere (Castellote et al. 1999) , hydration products previously occupying the pore space, would dissolve due to electrical current flow and will result in creating vacancies, hence coarsening of the pore network. This will be in direction of increasing the capillary porosity and especially pronounced at high current density levels (1 to 5 A/m 2 ) as within desalination or alkalisation, where such side effects would be encountered.
To that end, degradation of the cement-based matrix in the vicinity of the cathode can be expected and was as observed. Fig. 19c )f) visualises a coarser pore structure at the cathode/mortar interface. Fig. 20 depicts the results from pore structure analysis, evidencing increased porosity and critical pore size for the matrix in the vicinity of the cathode. Degradation of the matrix in these locations is significant in conditions of 1 A/m 2 , whereas not pronounced at current density level of 100 mA/m 2 , although critical pore size for the latter regime in the "cathodic" part is also higher, compared to the "anodic" and "middle" locations. In fact, what can be observed is that the 100 mA/m 2 current induced comparable alterations at both anodic and cathodic locations.
The above results for the "anodic" and "cathodic" regions and interfaces in sealed conditions are determined by the geometry and experimental set-up. Therefore, no straightforward relations can be made with practical applications, where the proximity or the existence of embedded metallic conductors is not necessarily in similar position. However, the observed behaviour is worth noting and important in view of design and/or within simulations or prognosis for the path and effect of stray currents in practical situations.
Bulk matrix electrical resistivity
Enhanced ion and water flow (as within electrical current application) would result in altered cement hydration. Leaching-out effects due to diffusion-controlled transport (concentration gradients only) or when both diffusion and migration-controlled transport are present (as within concentration gradients and current flow) will result in mechanical and microstructural changes. All these were observed and discussed in the previous sections. These alterations will in turn affect the development of electrical resistivity in conditions of current flow, if compared to control conditions. Figure 21 depicts the automatically computed elec-trical resistivity for mortar specimens per group and per condition. Although more significant variation in electrical resistivity between specimens, conditioned in different regimes might have be expected, such were actually not really observed. More specifically, the results can be viewed as follows: For partly immersed in water and Ca(OH) 2 conditions (Fig. 21a) , resistivity increased with hydration age until approx. 60 days of age and stabilised later-on. The highest values were recorded for the "10mA/m 2 " regime for Ca(OH) 2-conditioned specimens, the lowest for the "10 mA/m 2 " regime of water-conditioned specimens i.e. in both test series the current flow exerted changes in electrical properties. While these were positive in the former case, a negative effect was observed in the latter caseresult already commented in view of various aspects in the preceding sections. The results are in line with the recorded compressive strength values (Fig. 2a) and pore structure development (Figs. 7, 8) : the lowest compressive strength and highest porosity for the waterconditioned "under current" specimens correspond to the lowest electrical resistivity values for these groups; in contrast, higher compressive strength, lower porosity and highest electrical resistivity correspond to the Ca(OH) 2 -conditioned, "under current" specimens (Fig.  21a) .
For the fully submerged in water and Ca(OH) 2 conditions (Fig. 21b, c) , the increase in electrical resistivity was more pronounced between 1 day and 60 days of age, if compared to the partly submerged conditions and, in fact, stabilised earlier -around 35 days of age. This is related to the saturated conditions and altered cement hydration as already previously discussed. The effect of stray current is well seen, although the pattern of resistivity development seems to be similar. The lowest electrical resistivity values for water-conditioned specimens were recorded for the 1A/m 2 regime, corresponding to the highest derived porosity (Fig. 7a) and lowest compressive strength (Fig. 2b) in these specimens. For the Ca(OH) 2 -conditiond specimens (Fig. 21c) , the lowest electrical resistivity corresponds to the control mortar cubes, well in line with their highest bulk matrix porosity (Fig. 7b) and lowest compressive strength (Fig. 2c) . The specimens conditioned in Ca(OH) 2 and in 1A/m 2 regime present the highest electrical resistivity of all saturated specimens (Fig. 9b, c) , which is well supported by their highest compressive strength Fig. 2c ) and lowest porosity (Fig. 7b) .
For sealed conditions a significantly different pattern of electrical resistivity evolution with time was observed (Fig. 21d) . Only increasing values were recorded throughout the test, with almost no signs for stabilisation towards the 110 days of age. The results can be interpreted as still on-going cement hydration with time, but this is unlikely to be the effect alone. The most plausible explanation is that in sealed conditions the mortar matrix is insulated from the external environment. Hence water and temperature losses are minimised or none. This, together with the contribution of significantly lower (compared to other test series) relative humidity during measurements, as well as the contribution of the interfacial regions (cast-in terminals and cement paste) in relatively dry conditions, is reflected by a significantly higher values of electrical resistivity, compared to all other cases. Similar to all other groups, the effect of stray current is well seen: the highest resistivity values were recorded for the 1A/m 2 regime (Fig. 21d) , corresponding to highest compressive strength (Fig. 2d) and lowest porosity (Fig. 7c) ; the lowest resistivity in sealed conditions was recorded for the control specimens (Fig. 21d) , completely in line with the lowest compressive strength (Fig. 2d) and highest porosity (Fig.  7c) .
Overall, it can be concluded that electrical resistivity is a property of cement-based materials, which indeed reflects well microstructural and transport properties. However, as seen from Fig. 21 it is determined by relative humidity at the most. Therefore, recording electrical properties only, would not be sufficient to derive specific information on pore network development, especially when diffusion-and migration-controlled ion and water transport are both relevant. When such a comprehensive and more specific information would be required, especially in the case of justifying the effect of one or another factor on cement-based material properties (as the hereby evaluated effect of stray current on bulk matrix properties), a combination of techniques, as the hereby employed approach, is necessary.
Conclusions
This paper discussed the effect of stray current flow on the development of material properties of mortar in water-submerged, Ca(OH) 2 -submerged and sealed conditions. The investigation referred to fresh (24h only cured) mortar, in order to address the practical issue of possible stray current interference within construction work of new buildings and structures. The following conclusions can be drawn: -Stray current flowing through a cement-based material may cause positive or negative effects on the material properties and performance of the bulk matrix. In general, for fresh cement-based materials, the effect of stray current can be categorized as an effect on early age -e.g. between 1 day and 28 days at the maximum; and an effect on later ages (> 28 days).
-Positive or negative effects of stray current are determined by the external environmental conditions and the level of current density. The former are at hand when concentration gradient with the external medium is avoided or not significant, e.g. for specimens conditioned in alkaline medium or for sealed specimens. Whereas the latter are to be observed in conditions where concentration gradients are present, e.g. water conditioned specimens. -The contribution of migration-controlled ion and water transport, as within "under current" conditions, results in enhanced cement hydration at early stages (more significant < 28 days of age). The enhanced cement hydration at early stages results in improved compressive strength and reduced porosity of the matrix. These effects are, however, dependent on the external medium and are only predominant at early age.
-Although a general trend of electrical resistivity increase was recorded over time in all conditions (with on-going cement hydration), the evolution of electrical properties was found to be also dependent on the current density levels and the external medium. For water conditioned specimens, the stray current induced decrease in electrical resistivity if compared to control conditions. For specimens in alkaline medium or sealed conditions, the stray current induced increase in electrical resistivity. The most significant effects (both positive or negative) were observed at the highest current density levels. -The negative effect of stray current flow on mortar specimens at stages after 28 days of age is mainly attributed to enhanced leaching-out as a consequence of increased ion and water migration when concentration gradients are present. The result was a more pronounced restructuring of the pore space towards coarsening of the pore network (enlargement of initially smaller pores), as otherwise generally known and observed in such circumstances. Water (or neutral to low pH medium) as external environment will be a prerequisite for negative effects, while alkaline medium (or sealed conditions) would minimise or prevent the leaching-out effects.
